Introduction
Allogeneic stem cell transplantation has significant potential for the treatment of malignancy (1), autoimmunity (2) (3) (4) (5) , and genetic disorders (6, 7) . It can also be used to facilitate gene therapy (8) (9) (10) (11) (12) and solid organ transplantation (13, 14) . Realization of that potential has been difficult, however, because of significant patient-safety issues (15) . Achieving allogeneic hematopoietic chimerism currently requires preparative conditioning with immunosuppression and at least partial myeloablation (15) . The conditioning required to establish stem cell engraftment is toxic, and even in partially ablated recipients, stem cell transplantation almost invariably leads to some degree of graft-versus-host disease (GVHD) (13, 14, (16) (17) (18) . GVHD generally requires treatment with immunosuppressive drugs, which have many toxic side effects (19) . Both the conditioning regimen and immunosuppressive medications pose short-term risks of infection and longer-term risks of malignancy (20) .
To avoid both lethal conditioning and GVHD, new strategies based on costimulation blockade are being developed. The combination of sublethal host conditioning and costimulation blockade has been shown to lead to the generation of allogeneic hematopoietic chimerism in mice (18, (21) (22) (23) (24) (25) (26) (27) . Tested approaches include sublethal irradiation plus CTLA4-Ig and/or anti-CD154 mAb with or without peripheral T cell depletion (22, 23, 26) ; anti-CD154 mAb plus druginduced myeloablation (25, 28) ; and injection of supraphysiological doses of bone marrow over an extended time in combination with anti-CD154 mAb without host conditioning (27, 29) . Hematopoietic chimerism generated in these systems involves intrathymic deletion of host Vβ CD4 + T cells reactive to donor superantigens presented by donor MHC class II I-E antigens; this result suggests that a state of central tolerance has been induced (18, 30) . Preexisting peripheral host Vβ donor-reactive CD4 + T cells appear to die over time through both Fas-dependent and independent mechanisms (23) . A single trial of allogeneic stem cell transplantation for the treatment of leukemia based on ex vivo blockade of B7-mediated costimulation reportedly showed promising results (31) .
In the field of organ transplantation, the therapeutic potential of allogeneic hematopoietic chimerism resides in its ability to generate central tolerance, which is the most robust state of donor-specific Allogeneic hematopoietic chimerism leading to central tolerance has significant therapeutic potential. Realization of that potential has been impeded by the need for myeloablative conditioning of the host and development of graft-versus-host disease (GVHD). To surmount these impediments, we have adapted a costimulation blockade-based protocol developed for solid organ transplantation for use in stem cell transplantation. The protocol combines donor-specific transfusion (DST) with anti-CD154 mAb. When applied to stem cell transplantation, administration of DST, anti-CD154 mAb, and allogeneic bone marrow leads to hematopoietic chimerism and central tolerance with no myeloablation and no GVHD. Tolerance in this system results from deletion of both peripheral host alloreactive CD8 + T cells and nascent intrathymic alloreactive CD8 + T cells. In the absence of large numbers of host alloreactive CD8 + T cells, the transfusion that precedes transplantation need not be of donor origin, suggesting that both allospecific and non-allospecific mechanisms regulate engraftment. Agents that interfere with peripheral transplantation tolerance impair establishment of chimerism. We conclude that robust allogeneic hematopoietic chimerism and central tolerance can be established in the absence of host myeloablative conditioning using a peripheral transplantation tolerance protocol.
transplantation tolerance known (13, 18, 32) . To translate this potential into clinical reality, we have attempted to discover optimal conditioning regimens that shorten the treatment period, eliminate the need for host myeloablative conditioning, and lead to allogeneic hematopoietic chimerism in the absence of GVHD. These attempts are based on strategies originally developed for the generation of peripheral transplantation tolerance (13) .
Costimulation blockade-based protocols are very effective for inducing peripheral transplantation tolerance (13) . Our laboratory uses a donor-specific transfusion (DST) to activate alloreactive T cells and simultaneous blockade of CD40-CD154 interaction using an anti-CD154 mAb (13) . This protocol induces permanent survival of pancreatic islet allografts in mice (33) and prolonged survival of skin allografts in both mice (34) (35) (36) and nonhuman primates (37) . The mechanism of peripheral transplantation tolerance induction based on DST plus anti-CD154 mAb involves the action of IFN-γ, CTLA4, regulatory CD4 + T cells, and the deletion of alloreactive CD8 + T cells (35, 38) .
We (21) and others (39, 40) have shown that stem cell engraftment in mice can be enhanced by injection of a depleting anti-CD8 mAb. Because our peripheral-tolerance protocol using DST plus anti-CD154 mAb leads to specific deletion of alloreactive CD8 + T cells, we hypothesized that the induction of peripheral tolerance by treatment with DST plus anti-CD154 mAb would facilitate stem cell engraftment and the generation of hematopoietic chimerism leading to establishment of central tolerance.
In the present study, we tested this hypothesis using our costimulation blockade-based protocol for peripheral transplantation tolerance (DST plus anti-CD154 mAb) with no host myeloablative conditioning. We document that this protocol leads to stem cell engraftment, generation of hematopoietic chimerism, and development of central tolerance in the absence of GVHD. Analysis of the underlying mechanisms revealed that both allospecific and non-allospecific regulatory pathways are important.
Methods
Animals. C57BL/6 (H2 b ), BALB/c (H2 d ), CBA/JCr (H2 k ), and B10.BR (H2 k ) mice of either sex were obtained from the National Cancer Institute (Frederick, Maryland, USA). To investigate the fate of specific alloreactive CD8 + T cells, we established in our animal colony the KB5 T cell receptor (TCR) transgenic mouse, which has specificity to native H2 b alloantigen (41, 42) . This TCR transgenic mouse was the generous gift of John Iacomini (Harvard Medical School, Boston, Massachusetts, USA), who obtained it from the original developer, Andrew Mellor (Medical College of Georgia, Augusta, Georgia, USA). The TCR transgene is expressed by CD8 + cells in CBA (H2 k ) mice and has specificity for H2-K b . These transgenic T cells express a TCR that is recognized by the anti-clonotypic mAb Desire (DES) (41).
All animals were certified to be free of Sendai virus, pneumonia virus of mice, murine hepatitis virus, minute virus of mice, ectromelia, lactate dehydrogenase-elevating virus, GD7 virus, Reo-3 virus, mouse adenovirus, lymphocytic choriomeningitis virus, polyoma, Mycoplasma pulmonis, and Encephalitozoon cuniculi. Animals were housed in microisolator cages and given ad libitum access to autoclaved food and acidified water. They were maintained in accordance with the guidelines of the Institutional Animal Care and Use Committee of the University of Massachusetts Medical School and recommendations in the National Academy of Science's Guide for the Care and Use of Laboratory Animals.
Antibodies and flow cytometry. FITC-conjugated anti-H2-K b (clone AF6-88.5), phycoerythrin-conjugated anti-H2-K k (clone 36-7-5), and phycoerythrinconjugated anti-H2-K d (clone SF1-1.1) mAb's were obtained from Pharmingen (San Diego, California, USA). MR1 hamster anti-mouse CD154 mAb was produced as ascites in scid mice, purified using a Protein A-Sepharose 4 Fast Flow purification column (Pharmacia Biotech), and quantified by OD (43, 44) . Antibody concentration was determined by measurement of OD and confirmed by ELISA (43) . The concentration of contaminating endotoxin was determined commercially (Charles River Laboratories, Wilmington, Massachusetts, USA) and was uniformly less than 10 U/mg of mAb (43) .
Anti-CD4 (GK1.5), anti-CD8 (2.43), and anti-CD25 (PC61.5.3) antibodies were obtained from the American Type Culture Collection (Rockville, Maryland, USA). Antibodies for in vivo depletion were produced as ascites in scid mice and purified using a Protein G PLUS purification column (Oncogene Research Products, Boston, Massachusetts, USA). To deplete CD4 + and CD8 + cells in vivo, mice were injected intraperitoneally with 0.5 mg of mAb on 3 consecutive days. To deplete CD25 + cells in vivo, mice were injected once intraperitoneally with 0.25 mg of the mAb. A hybridoma cell line secreting hamster anti-mouse CTLA4 mAb (clone 9H10) was the gift of James Allison (University of California, Berkeley, California, USA). Anti-CTLA4 mAb was grown as ascites, purified using a Protein A column (Oncogene Research Products), and injected intraperitoneally at a dose of 0.075 mg per mouse daily on 3 consecutive days. The KB5-specific clonotypic DES antibody was produced from a mouse hybridoma cell line given to us by John Iacomini. FITC-conjugated anti-mouse IgG2a developing reagent for DES (clone R19-15) was obtained from Pharmingen.
Flow microfluorometry was performed as described previously (21, 22, 43) . Briefly, 1 × 10 6 viable cells were reacted with the appropriate antibody for 20 minutes at 4°C. In experiments using the KB5 synchimeras, cells were reacted with anti-DES antibody for 20 minutes at 4°C. Cells were then washed and reacted with FITC-conjugated anti-mouse IgG2a mAb (to develop the DES antibody). Whole blood was processed using FACS lysing solution (BD Biosciences, Becton, Dickinson, and Company, San Jose, California, USA) in accordance with the protocol supplied by the manufacturer. Labeled cells were washed, fixed with 1% paraformaldehyde-PBS, and analyzed using a FACScan instrument (Becton Dickinson Immunocytometry Systems, San Jose, California, USA). Lymphoid cells were gated according their light-scattering properties, and 30 × 10 3 to 50 × 10 3 events were acquired for each analysis.
The relative percentages of host-and donor-origin cells in the various recipients of C57BL/6 (H2-K b+ ) bone marrow were determined by flow microfluorometry. The percentage of PBMCs in chimeric mice expressing MHC class I was determined by dual labeling with anti-H2-K b (donor) and anti-H2-K d or anti-H2-K k (recipient) antibodies. Because fewer than 100% of hematopoietic cells express MHC class I antigen, the relative percentage of donor-origin cells (H2-K b+ ) in chimeric recipients was calculated as follows:
Equation 1
In previous experiments, known mixtures of BALB/c and C57BL/6 PBMCs were analyzed, and it was determined that the lower limit of sensitivity of the assay for detecting either donor (H2-K b+ ) or host (H2-K d+ ) cells was 0.5% (22) .
Tolerance induction and bone marrow transplantation procedures. Except as noted in specific experiments, bone marrow recipients were treated with our standard protocol for peripheral transplantation tolerance induction (35, 38, 43) . Relative to the transplantation of allogeneic bone marrow on day 0, mice received a single intravenous DST (1 × 10 7 spleen cells) on day -7 and four injections of MR1 anti-CD154 mAb (0.5 mg/dose) on days -7, -4, 0, and +3 (35, 38, 43) . The allograft consisted of 50 × 10 6 or 100 × 10 6 donor bone marrow cells in a volume of 0.5-1.0 ml injected via the lateral tail vein. Donor mice were killed in 100% CO 2 . For preparation of the DST, spleens were removed, dispersed in sterile medium (RPMI-1640), washed, and counted. Cell viability was assayed by Trypan blue exclusion and was greater than 90% in all cases. The MR1 hamster anti-mouse CD154 mAb was produced as ascites in scid mice and purified as described previously (21, 43, 45) . Bone marrow was obtained by flushing of the femurs and tibiae of donor mice with RPMI using a 24-gauge needle. Recovered cells were filtered through sterile nylon mesh (70 µm; Becton Dickinson, Franklin Lakes, New Jersey, USA), counted by hemocytometer, and resuspended in RPMI.
Donor and recipient strain combinations are indicated in the tables. Samples of peripheral venous blood were obtained from recipients at various intervals, and the percentages of donor and host cells were determined by flow microfluorometry. Hematopoietic chimerism was defined as the presence of at least 0.5% donor-origin PBMCs.
Generation of KB5 TCR transgenic hematopoietic CBA synchimeras. To examine the fate of both developing and mature alloreactive CD8 + T cells in a normal microenvironment, we used KB5 TCR transgenic hematopoietic chimeras (43) . The TCR transgene is expressed by CD8 + cells in CBA (H2 k ) mice and has specificity for H2-K b . The chimeras were generated by injection of small numbers of KB5 transgenic bone marrow cells into sublethally irradiated syngeneic CBA nontransgenic hosts. We refer to these as "synchimeric" mice. In this system, the mice circulate a self-renewing trace population of anti-H2-K b alloreactive CD8 + T cells that mature in a normal microenvironment (43) .
The synchimeras were generated as described previously (43) . Briefly, bone marrow cells were collected as described above from male and female KB5 × CBA/JCr/F 1 mice (H2 k ). Recipients were male CBA/JCr mice 4-7 weeks of age treated with 2 Gy whole-body γ-irradiation using a 137 Cs source (Gammacell 40; Atomic Energy of Canada Ltd., Ottawa, Ontario, Canada). They were then injected intravenously with 0.5 × 10 6 transgenic bone marrow cells in a volume of 0.5 ml via the lateral tail vein within 2-5 hours of irradiation. The transgenic T cells that develop express an anti-H2-K b -specific TCR recognized by the mAb DES (41) . These procedures have been documented to generate a stable population of DES + CD8 + cells that constitute 5-8% of PBMCs within 8 weeks of bone marrow transplantation (43) .
Skin transplantation. Full-thickness skin grafts about 1 cm in diameter were obtained from shaved euthanized donors, scraped to remove muscle, and grafted without suturing onto prepared sites on the flanks of anesthetized recipients as described previously (35) . Skin grafts were dressed with Vaseline-impregnated gauze and an adhesive bandage for the first week after surgery. Thereafter, skin grafts were assessed 3 times weekly, and rejection was defined as the first day on which the entire graft surface appeared necrotic (35) .
Statistical analysis. Parametric data are presented as the arithmetic mean ± SD. Comparisons of three or more means used one-way ANOVA and the least-significantdifference procedure for a posteriori contrasts (46) . Comparisons of two means used unpaired t tests without assuming equal variance (47) . In experiments in which large variances were observed, groups were compared nonparametrically with the Mann-Whitney U or the Kruskal-Wallis test (48) . Analysis of contingency tables used the χ 2 statistic or, in the case of 2 × 2 tables, the Fisher exact statistic (48) . Skin allograft survival among groups was compared using the method of Kaplan and Meier (49) ; the equality of allograft-survival distributions for animals in different treatment groups was tested using the log-rank statistic (50) . P values less than 0.05 were considered statistically significant.
Results

Induction of peripheral transplantation tolerance facilitates allogeneic stem cell engraftment
Establishment of allogeneic hematopoietic chimerism in the absence of host myeloablative conditioning in BALB/c mice. We first tested our peripheral transplantation tolerance induction protocol for its ability to facilitate the generation of hematopoietic chimerism. BALB/c (H2 d ) mice were treated with a C57BL/6 (H2 b ) DST plus anti-CD154 mAb and injected with 50 × 10 6 allogeneic C57BL/6 bone marrow cells in the absence of myeloablative conditioning. As shown in Table 1 (group 1), 89% of treated BALB/c mice became chimeric. The percentage of donor-origin PBMCs in these mice 8-9 weeks after bone marrow transplantation averaged about 9%. In contrast, in the absence of DST treatment there was no evidence of chimerism in any BALB/c mice treated with bone marrow and anti-CD154 mAb (Table 1, group 7) .
To assess the durability and variability of chimerism, PBMCs were remeasured at intervals 4-30 weeks after transplantation in two independent cohorts of chimeric mice. Chimerism was readily detectable 4 weeks after transplantation and rose to about 10% (range 6-15%, n = 10) by week 8 (Figure 1 ). At 30 weeks after transplantation, all mice remained chimeric, and the levels of chimerism were similar to those at week 8 (about 12%, range 2-20%; Figure 1 ).
The levels of hematopoietic chimerism achieved generate donor-specific transplantation tolerance in the absence of GVHD. Although we achieved allogeneic hematopoietic chimerism, the levels of chimerism were relatively low. To show that these levels were sufficient to generate transplantation tolerance, subsets of both chimeric and nonchimeric BALB/c mice from the experiments documented in Table 1 (groups 1 and 7) were transplanted with C57BL/6 skin allografts 9 weeks after injection of C57BL/6 bone marrow. Median survival time (MST) of skin allografts in the chimeric mice was greater than 96 days (Table 2 ). In contrast, most nonchimeric mice rejected skin allografts rapidly (MST 11 days, P < 0.0005). To document that this state of transplantation tolerance was donor specific, additional chimeric BALB/c mice were transplanted 9 weeks after bone marrow transplantation with third-party skin allografts from CBA/J donors. Survival of these four allografts was very brief, all of them rejecting by day 14 ( Table 2 ; P = NS vs. nonchimeric mice).
Animals were observed for signs of GVHD throughout the period of observation (up to 30 weeks). There was no sign of illness in any chimeric bone marrow recipient given the anti-CD154 mAb regimen. Thirty weeks after transplantation, four chimeric BALB/c 
.BR (H2 k ) mice were randomized to the indicated treatment groups and injected with C57BL/6 (H2 b ) bone marrow cells on day 0 at the dose indicated. Mice treated with a DST received 10 7 C57BL/6 spleen cells on day -7 relative to bone marrow transplantation. Mice treated with anti-CD154 mAb received four doses of 0.5 mg intraperitoneally on days -7, -4, 0, and +3. Hematopoietic chimerism was defined as the presence of at least 0.5% donororigin (H2-K b+ ) PBMCs 6 to 9 weeks after transplantation as described in Methods. A P = NS vs. groups 2 and 3. B P < 0.01 vs. groups 1 and 2. C P < 0.01 vs. group 1. D P < 0.01 vs. group 2. E The percentage of donor-origin PBMCs in nonchimeric mice was in all cases below the limit of detection (<0.5%).
Figure 1
In independent trials, two groups of BALB/c (H2 d ) mice (n = 5 in each group) were injected with 50 × 10 6 C57BL/6 (H2 b ) bone marrow cells on day 0. All mice were treated with a DST consisting of 10 7 C57BL/6 spleen cells on day -7 relative to bone marrow transplantation. They also received anti-CD154 mAb at a dose of 0.5 mg intraperitoneally on days -7, -4, 0, and +3 relative to bone marrow transplantation. The percentage of donor-origin PBMCs was measured by flow microfluorometry in all mice 4 weeks, 8 weeks, 14 or 21 weeks, and 30 weeks after bone marrow transplantation as described in Methods.
mice were selected at random and studied histologically. There was no evidence of GVHD in samples of skin, liver, or small or large intestine in any of the mice. Allogeneic stem cell engraftment using anti-CD154 mAb and DST but no myeloablation can be achieved in CBA/J and B10.BR recipient mice. To determine whether the engraftment of allogeneic bone marrow cells in mice treated with DST plus anti-CD154 mAb is strain dependent, we performed the same experiment using two different strains of mice as recipients. When tested 8-9 weeks after administration of DST, anti-CD154 mAb, and C57BL/6 bone marrow cells, 68% of CBA/J mice ( Table 1 , group 2) and 100% of B10.BR mice (group 3) had become chimeric. In both cases, the frequency of chimerism was statistically similar to that achieved using BALB/c recipients (group 1, P = NS). The percentage of donor-origin PBMCs in chimeric CBA/J mice (∼8%) was similar to that in chimeric BALB/c mice (P = NS), but levels in both BALB/c and CBA recipients were significantly less (P < 0.01) than levels achieved in B10.BR mice (∼17%).
Like BALB/c mice, CBA/J recipients of bone marrow and anti-CD154 mAb but no DST did not become chimeric (Table 1 , group 8). In contrast, B10.BR mice treated in the same way uniformly became chimeric (group 9). As was true for B10.BR recipients given both anti-CD154 mAb and a DST (group 3), about 20% of their PBMCs were of donor origin. In both groups of B10.BR chimeras, the percentage of donor-origin cells was quite variable, ranging from 2.6% to 46.0%. B10.BR mice treated with a bone marrow graft but neither anti-CD154 mAb nor DST failed to become chimeric (group 10).
Increasing bone marrow cell dose or adding minimal myeloablative conditioning increases levels of chimerism. Because hematopoietic chimerism can be established in the absence of myeloablative conditioning if very large numbers of bone marrow cells are transplanted (27, 29) , we studied the effect of increasing the donor inoculum in mice treated with both DST and anti-CD154 mAb. Transplantation of 100 × 10 6 C57BL/6 bone marrow cells into CBA/J recipients was associated with uniform generation of chimerism (Table 1 , group 6), and the percentage of donor-origin PBMCs in these mice was, on average, double that observed in CBA/J recipients of 50 × 10 6 C57BL/6 cells (Table 1 , group 2, P = 0.025).
The addition of minimal myeloablation also appeared to improve outcome. Both BALB/c (Table 1 , group 4) and CBA/J (group 5) recipients uniformly became chimeric if treated with 1 Gy of whole-body irradiation prior to DST, anti-CD154 mAb, and infusion of 50 × 10 6 C57BL/6 bone marrow cells. In both cases, donor-origin cells constituted more than a third of the PBMC population 6-7 weeks after bone marrow injection, and these percentages were statistically significantly greater than the percentages achieved without conditioning ( Table 1 , groups 1 and 2, P < 0.001 for both comparisons).
Timing of DST and anti-CD154 mAb treatment is important for generation of allogeneic chimerism
In studies of induction of solid organ transplantation tolerance, we have shown that administration of DST plus anti-CD154 mAb leads to the deletion of peripheral host alloreactive CD8 + T cells, an effect that is maximal approximately 3 days after the initiation of treatment (38) . We hypothesized that deletion of host alloreactive CD8 + T cells would define the optimal time point at which allogeneic bone marrow chimerism could be achieved in the absence of myeloablative conditioning. We tested this hypothesis by varying the timing of DST plus anti-CD154 mAb treatment in relation to C57BL/6 bone marrow transplantation into CBA/J recipients. In these experiments, the first of the four injections of anti-CD154 mAb was always given immediately before the DST.
When DST was given 10 or 14 days before bone marrow transplantation, 60% and 80% of recipients, respectively, became chimeric (Table 3 , groups 1 and 2); Randomly selected subsets of both chimeric and nonchimeric BALB/c mice from Table 1 (groups 1 and 7, respectively) were transplanted with C57BL/6 or third-party CBA/J skin allografts 9 weeks after injection of C57BL/6 bone marrow as described in Methods. Mice were observed through day 142 after skin transplantation. MST, median survival time. A P < 0.0005 vs. other groups.
Table 3
Hematopoietic chimerism in CBA/J recipients of C57BL/6 bone marrow Groups of CBA/J (H2 k ) mice were randomized and transplanted with 50 × 10 6 C57BL/6 (H2 b ) bone marrow cells on day 0. All mice also received a single C57BL/6 DST consisting of 10 7 spleen cells on day -3, -5, -10, or -14 relative to bone marrow transplantation. In addition, all mice were injected intraperitoneally with four doses of 0.5 mg anti-CD154 mAb on days 0, +3, +7, and +10 relative to the DST. The temporal relationship of the DST and anti-CD154 mAb injections was the same as in Table 1 ; only the timing of the bone marrow graft was varied. No myeloablative conditioning was performed. Chimerism was defined as the presence of at least 0.5% donor-origin (H2-K b+ ) PBMCs 6 weeks after transplantation. A P = NS vs. this rate of success was comparable to that achieved when DST was injected 7 days before transplantation (68% ; Table 1 , group 2, χ 2 = 0.44, P = NS). The percentage of donor-origin PBMCs detected 6 or more weeks after transplantation in the mice that became chimeric was approximately 10%, irrespective of the timing of the DST. In contrast, when DST was injected 5 or 3 days before bone marrow transplantation, no recipients became chimeric (Table 3 , groups 3 and 4, χ 2 = 13.22, P < 0.02 vs. Table 1 , group 2). Given that host alloreactive CD8 + T cells are deleted in mice treated with DST plus anti-CD154 mAb at these time points (38) , the result was unexpected.
The combination of DST, anti-CD154 mAb, and bone marrow engraftment leads to permanent deletion of host alloreactive CD8 + peripheral T cells
In studies of peripheral-tolerance induction using DST plus anti-CD154 mAb, we have documented that host alloreactive CD8 + T cells are deleted, that these cells then reappear over time, and that their reappearance is associated with rejection of healed-in allografts (43) . Given the apparent permanence of hematopoietic chimerism in mice treated with DST, anti-CD154 mAb, and bone marrow, we hypothesized that establishment of chimerism would lead to permanent deletion of peripheral alloreactive CD8 + T cells. To test this hypothesis, we used KB5 synchimeric mice. These mice circulate small numbers of TCR transgenic alloreactive CD8 + T cells that are continuously replenished over time as newly generated KB5 T cells are released from the thymus (43) .
KB5 synchimeric mice were randomized into four groups. Mice in group 1 ( Figure 2 ) were untreated. Mice in groups 2 and 3 received anti-CD154 mAb plus either a C57BL/6 spleen cell DST (group 2) or C57BL/6 bone marrow (group 3). Mice in group 4 received anti-CD154 mAb plus a C57BL/6 spleen cell DST and C57BL/6 bone marrow.
The level of alloreactive DES + CD8 + T cells in the peripheral blood of these four groups of mice is shown in Figure 2 . The level of DES + CD8 + T cells in control mice during the period of observation was approximately 5-6.5%; these levels are comparable to those we have reported previously in this model system (43) .
None of the mice in groups 2 and 3 became chimeric; no donor-origin cells were detectable at any time point throughout the 15-week period of observation. As expected, and consistent with previous reports (43), the level of alloreactive DES + CD8 + T cells in mice treated with anti-CD154 mAb and a C57BL/6 splenocyte transfusion (group 3) was much lower within 2 weeks of transfusion (∼0.8%). Thereafter the levels rose slowly and recovered to about 2.4% by week 15. The behavior of mice treated with anti-CD154 mAb and bone marrow (group 2) was similar, although the initial decline was less dramatic than that associated with the use of a splenocyte transfusion alone.
The results for the mice treated with anti-CD154 mAb, a splenocyte DST, and then a bone marrow allograft (group 4) were much different. As expected, six of eight (75%) became chimeric. The percentage of donororigin PBMCs 9 weeks after transplantation was high (22.3% ± 13.2%) and remained at about this level throughout the 15-week period of observation. In striking contrast to the outcome in the other groups, the level of DES + CD8 + T cells in the six chimeric mice fell within 2 weeks to below the limit of detection and remained that low throughout the period of observation (P ≤ 0.001 vs. all other groups at week 15).
Intrathymic deletion of alloreactive DES + CD8 + CD4 -T cells in allogeneic hematopoietic chimeras
Normal distribution of CD4 and CD8 cells in the thymus of KB5 synchimeric mice. The long-term absence of peripheral alloreactive DES + CD8 + cells in mice with hematopoietic chimerism suggested that they might be
Figure 2
Deletion of peripheral host alloreactive CD8 + T cells. KB5 CBA synchimeras were randomized into four cohorts. Group 1 was untreated. Group 2 was injected with four doses of anti-CD154 mAb on days 0, +3, +7, and +10 (short arrows), and with 50 × 10 6 C57BL/6 bone marrow cells on day +7 (long arrow). Group 3 received four doses of 0.5 mg of anti-CD154 mAb at the same intervals (short arrows) plus a transfusion of C57BL/6 spleen cells on day 0. Group 4 received a DST of C57BL/6 spleen cells on day 0 and anti-CD154 mAb on days 0, +3, +7, and +10, in addition to an injection of 50 × 10 6 C57BL/6 bone marrow cells on day +7. The percentage of DES + CD8 + cells in the blood was determined on day 0 (before any treatment) and then at the indicated times. Within 2 weeks of treatment, the percentage of DES + CD8 + peripheral blood cells was significantly lower in all treatment groups compared with controls (P < 0.001). Thereafter, the percentage of DES + CD8 + peripheral blood cells in groups 2 and 3 tended to rise toward that observed in controls, but even at week 15 the percentage remained less than in controls (P < 0.001). In contrast, the percentage of DES + CD8 + peripheral blood cells in group 4 remained extremely low throughout the course of the experiment and, at week 15, was significantly lower than in all other groups (P ≤ 0.001 for each comparison). With respect to chimerism, defined as at least 0.5% donororigin (H2-K b+ ) PBMCs 9 weeks after transplantation, all mice in group 4 were chimeric and none in groups 2 or 3 was chimeric.
phenotypes in synchimeric mice is normal, we next measured the percentages of DES + CD8 + thymocytes following costimulation blockade and splenocyte transfusion. Before any treatment, the percentage of CD8 + CD4 -thymocytes that were also DES + was 26.4% ± 20.8% (Table 4 , group 1). DES + CD8 + CD4 -thymocytes were also readily detectable at statistically similar levels 4 and 7 days after treatment with DST and anti-CD154 mAb (Table 4 , groups 2 and 3, P = NS). In contrast, it is known that peripheral DES + CD8 + cells are deleted within 3 days of treatment with DST plus anti-CD154 mAb, well before graft placement (38) . undergoing intrathymic deletion. Before proceeding to test this possibility, we first analyzed overall thymic maturation in the untreated KB5 synchimeric mouse. It was important to do so because the KB5 transgenic mice used to generate synchimeras have an abnormally large population of single-positive CD8 + cells in the thymus (51) . We observed, however, that KB5 synchimeric mice exhibit a normal distribution of total CD4 + and CD8 + thymocytes (52) (53) (54) . The thymocytes of untreated KB5 synchimeric mice consisted of a large population of double-positive cells (81.5% ± 4.3%, n = 14) and smaller populations of CD4 + CD8 -single-positive cells (9.4% ± 1.4%, n = 14) and CD4 -CD8 + single-positive cells (4.4% ± 1.6%, n = 14). Representative histograms are shown in Figure 3 . These percentages of single-and double-positive thymocytes are typical of those observed in normal untreated adult mice (52) (53) (54) .
DES + CD8 + CD4 -thymocytes are not deleted by treatment with DST plus anti-CD154 mAb.
Having determined that the overall distribution of thymocyte CD4 + and CD8 + CBA/J (H2 k ) mice approximately 4 weeks of age were irradiated (2 Gy) and injected with bone marrow from KB5 CBA/J TCR transgenic donors as described in Methods. Eight to ten weeks later, with no additional irradiation, these KB5 CBA/J synchimeras received a DST consisting of 10 7 C57BL/6 (H2 b ) spleen cells on day -7 plus four intraperitoneal doses of anti-CD154 mAb (0.5 mg/dose) on days -7, -4, 0, +3 relative to intravenous injection of 50 × 10 6 C57BL/6 bone marrow cells on day 0. Thymi were recovered at the indicated time points relative to marrow transplantation on day 0, and the percentage of host anti-donor alloreactive DES + CD8 + CD4 -thymocytes was measured by flow microfluorometry. A At the 15-day time point, it cannot reliably be determined whether mice are chimeric. B P = NS vs. groups 2 and 3. C P = 0.08 vs. group 4. D P < 0.01 vs. groups 6 and 7. E P < 0.05 vs. combined groups 9 and 10.
Figure 3
Intrathymic deletion of host alloreactive DES + CD8 + CD4 -thymocytes. KB5 CBA synchimeras were randomized into two groups. Group 1 (upper panels) was left untreated. Group 2 (lower panels) was injected with a C57BL/6 DST on day -7 and anti-CD154 mAb on days -7, -4, 0, and +3 relative to injection of 50 × 10 6 C57BL/6 bone marrow cells on day 0. Thymi were recovered 35 weeks after bone marrow transplantation and analyzed by flow microfluorometry for the percentage of DES + CD8 + CD4 -thymocytes as described in Methods. Shown in the left column are representative dot plots; the percentage of cells expressing CD4 and CD8 is indicated in each quadrant. The right column presents histograms; the horizontal bars depict the gates used to determine the number of DES + cells in the CD8 + CD4 -quadrant. Representative data are shown; the complete data set is given in Table 4 .
Bone marrow cell engraftment in mice treated with DST plus anti-CD154 mAb leads to intrathymic deletion of DES + CD8 + CD4 -cells.
We next tested the hypothesis that successful generation of hematopoietic chimerism subsequent to treatment with DST and anti-CD154 mAb would lead to the deletion of DES + CD8 + CD4 -alloreactive thymocytes. As shown in Table 4 , 15 days after bone marrow transplantation the percentage of DES + CD8 + CD4 -thymocytes in mice treated with DST and anti-CD154 mAb (Table 4 , group 5) was about 50% less than in age-matched mice that had been given DST and anti-CD154 mAb but no graft (group 4), but at this time point the difference was not statistically significant (P = 0.08). By 21-30 days after bone marrow injection, it was possible to distinguish chimeric and nonchimeric recipients. At this time point, levels of DES + CD8 + CD4 -thymocytes remained at high baseline levels in both mice that had received DST plus anti-CD154 mAb but no graft (Table 4 , group 6) and mice that had received DST plus anti-CD154 mAb plus a graft but had not become chimeric (group 7). In contrast, DES + CD8 + CD4 -thymocytes were undetectable (<0.3%) in all chimeric mice (group 8, P < 0.01 vs. both group 6 and group 7). Additional mice were studied 35 weeks after treatment to assess the durability of alloreactive-thymocyte deletion. We first noted that the percentage of DES + CD8 + CD4 -thymocytes in age-matched but untreated synchimeras had spontaneously fallen over time, but that such thymocytes were nonetheless readily detectable. The decline was from about 26% at base line (Table 4 , group 1) to about 3% 8-9 months later (Table 4 , group 9, P = 0.01). DES + CD8 + CD4 -thymocytes were also readily detectable in two recipients of DST, anti-CD154 mAb, and bone marrow that had not become chimeric (group 10). In contrast, no DES + CD8 + CD4 -thymocytes could be detected in any of three recipients of DST, anti-CD154 mAb, and bone marrow that had become and remained chimeric (Table  4 , group 11, P < 0.05). A representative histogram documenting the disappearance of DES + CD8 + CD4 -thymocytes in one of the chimeric mice from group 11 is shown in Figure 3 . Although lacking in DES + CD8 + CD4 -thymocytes, the thymi of these mice 35 weeks after bone marrow transplantation were clearly allochimeric. The presence of both host (H2-K k ) and donor (H2-K b ) thymocytes was confirmed by flow microfluorometry (data not shown).
Allospecific and non-allospecific mechanisms are important for engraftment of bone marrow cells MHC-matching of the DST and bone marrow donors is not required for allogeneic bone marrow engraftment in normal mice. Induction of peripheral transplantation tolerance using DST and anti-CD154 mAb requires that the MHC of the transfusion donor be the same as that of the graft donor (i.e., "donor specific") (35) . We hypothesized that successful generation of hematopoietic chimerism using our protocol would also require MHC-matching of the transfusion and bone marrow cells, i.e., that the transfusion had to be donor specific. To test this hypothesis, CBA mice (H2 k ) were treated with a C57BL/6 (H2 b ) non-donor-specific spleen cell transfusion plus anti-CD154 mAb and then injected with BALB/c (H2 d ) bone marrow cells. Unexpectedly, all became chimeric (Table 5 , group 1). To verify this outcome, we reversed the DST and bone marrow donors. CBA mice (H2 k ) were treated with BALB/c (H2 d ) spleen cell transfusion plus anti-CD154 mAb and then injected with C57BL/6 (H2 b ) bone marrow cells. Again, the majority (90%) of these mice became chimeric (Table 5 , group 2).
Reduction of high numbers of host alloreactive CD8 + T cells is required for bone marrow engraftment in KB5 synchimeras.
To begin to determine the role of the spleen cell transfusion in facilitating subsequent engraftment of bone marrow cells, we used KB5 synchimeras. In addition to circulating their normal complement of alloreactive T cells, these mice also circulate large numbers (6-8%) of DES + CD8 + alloreactive (anti-H2-K b ) T cells (38) . Using our standard protocol, which is known to delete DES + CD8 + peripheral T cells (38) , we observed that two of three KB5 synchimeras given a C57BL/6 DST, anti-CD154 mAb, and C57BL/6 bone marrow cells became chimeric (Table 5 , group 3). Confirming the results obtained in normal CBA/J mice ( Table 5 , group 1), all KB5 synchimeras treated with C57BL/6 spleen cell transfusion plus anti-CD154 mAb and then given BALB/c (H2 d ) bone marrow became chimeric (Table 5 , group 4). We then reversed the MHCs of the transfusion and bone marrow donors and found, in contrast, that no KB5 synchimeric mice became allochimeric when treated with BALB/c spleen cell transfusion plus anti-CD154 mAb and then given C57BL/6 (H2 b ) bone marrow cells (Table 5 , group 5, P < 0.01 vs. group 4). The result suggests that, in the presence of large numbers of allospecific T cells in the recipient, as in the synchimera with large numbers of anti-H2-K b T cells, the transfusion may need to be matched to that allospecificity.
Host CD8 + cell deletion is not sufficient for optimal engraftment of allogeneic bone marrow cells
We have previously shown that, in part, the role of DST in our costimulation blockade protocol for peripheraltolerance induction is to enhance the deletion of host alloreactive CD8 + T cells (38, 43) . The phenotyping analyses of KB5 synchimeras in which hematopoietic chimerism was successfully generated suggest that deletion of both peripheral host alloreactive CD8 + T cells and host alloreactive thymocytes is required. We next tested the hypothesis that host CD8 + T cell deletion is required but not sufficient for establishing hematopoietic chimerism; we did so by replacing the DST in our protocol with a depleting anti-CD8 mAb. We observed that the frequency of chimerism in BALB/c recipients treated with anti-CD8 mAb and anti-CD154 mAb before transplantation of C57BL/6 bone marrow was much lower (22%; Table 6 , group 1) than in recipients treated with anti-CD154 mAb and DST (Table 1 , group 1, P < 0.001). The result suggests that the role of DST in facilitating engraftment of allogeneic bone marrow cells involves mechanisms in addition to the deletion of host alloreactive CD8 + T cells.
Combined treatment with anti-CD154 mAb and anti-CD122 mAb leads to hematopoietic chimerism in BALB/c recipients of C57BL/6 bone marrow NK cells, which are CD122 + , are known to be important in the rejection of allogeneic bone marrow (55) (56) (57) (58) . CD122 is expressed on most NK cells and activated macrophages, and on a subset of activated CD8 + T cells, and anti-CD122 mAb has been shown to delete NK cell activity in vivo (59) (60) (61) . To begin to investigate the role of NK cell depletion in allogeneic bone marrow transplantation in mice treated with costimulation blockade, BALB/c mice were given anti-CD154 mAb, anti-CD122 mAb, and 50 × 10 6 C57BL/6 bone marrow cells. Surprisingly, hematopoietic chimerism was established in 100% of these recipients (nine of nine; Table 6 , group 2). This rate of successful engraftment is comparable to that achieved using DST in place of anti-CD122 mAb (89%; Table 1 , group 1, P = NS) and significantly greater than that achieved using anti-CD8 mAb in place of DST (Table 6 , group 1, P < 0.01).
Interventions that abrogate peripheral-tolerance induction impair engraftment of bone marrow in mice treated with costimulation blockade
We have previously shown that injection of anti-CTLA4 mAb at the time of peripheral-tolerance induction with DST and anti-CD154 mAb prevents deletion of alloreactive CD8 + T cells and shortens skin allograft survival (35, 38) . Treatment with anti-CD4 mAb at the time of tolerance induction also shortens skin allograft survival (35) . We therefore tested the hypothesis that these interventions would also interfere with the generation of hematopoietic chimerism in bone marrow recipients treated with DST and anti-CD154 mAb.
As shown in Table 6 (group 4), treatment with anti-CD4 mAb had little effect, and two-thirds of recipients became chimeric, albeit with a level of chimerism that was quite low (∼2.7%; P < 0.001 vs. Table 1 , group 1). Similarly, in a cohort of recipients treated with an anti-CD25 mAb known to delete CD4 + CD25 + regulatory T cells, nearly all (89%, n = 9) became chimeric ( Table 6 , group 5). In these mice the level of chimerism (6.0%) was greater than in the anti-CD4-treated mice (P < 0.005), but not as high as in recipients treated with only DST and anti-CD154 mAb (∼9%; Table 1 , group 1, P < 0.025).
Only in the case of treatment with anti-CTLA4 mAb was there a significant reduction in the percentage of mice that became chimeric (22%; Table 6 , group 3). The results suggest that the mechanism by which the combination of DST and anti-CD154 mAb generates BALB/c mice were randomized and injected with 50 × 10 6 C57BL/6 bone marrow cells on day 0. All mice were injected intraperitoneally with four doses of 0.5 mg anti-CD154 mAb on days -7, -4, 0, and +3 relative to bone marrow transplantation. In the groups indicated, anti-CD8 (0.5 mg/dose), anti-CD4 (0.5 mg/dose), or anti-CTLA4 (0.075 mg/dose) mAb was injected intraperitoneally on days -7, -6, and -5 relative to bone marrow transplantation. Anti-CD122 mAb (1 mg/dose) was injected intraperitoneally on days -8 and -1 relative to bone marrow transplantation. Anti-CD25 mAb (0.25 mg/dose) was injected intraperitoneally on day -1. Mice in groups 3, 4, and 5 received a single donor-specific transfusion consisting of 10 7 C57BL/6 spleen cells on day -7 relative to bone marrow cell transplantation. A P < 0.005 vs. group 2 and Table 1 , group 1. B P = NS vs. Table 1 , group 1. C P < 0.001 vs. Table 1 , group 1.
peripheral transplantation tolerance is distinct but overlaps with the mechanism by which it generates hematopoietic chimerism.
Discussion
These data demonstrate that a costimulation blockade protocol consisting of a DST plus anti-CD154 mAb permits allogeneic bone marrow engraftment, the generation of hematopoietic chimerism, and the creation of a state of donor-specific central transplantation tolerance. When combined with minimal myeloablative conditioning, chimerism was achieved in all treated recipients. Doing away with conditioning entirely led to only a modest reduction in the number of mice that were successfully engrafted, and, in those mice that were chimeric, to only a modest reduction in the percentage of donor-origin PBMCs.
Even those effects could be overcome in large measure by an increase in the dose of bone marrow cells. Hematopoietic chimerism in mice treated with DST and anti-CD154 mAb but no conditioning was stable over time, and under all conditions chimeric recipients appeared free of GVHD. Elimination of stringent conditioning holds out the promise of making central-tolerance induction a much safer and more widely applicable clinical tool for transplantation and the treatment of autoimmune disease. Our data also documented, as expected from previous studies of peripheral-tolerance induction (35) , that anti-CD154 mAb monotherapy in the absence of DST is generally ineffective for generating hematopoietic chimerism. Surprisingly, however, we found that a third-party (MHC-disparate) transfusion could be substituted in some (but not all) cases for the standard DST. The key observation for understanding this counterintuitive result was that an MHC-disparate transfusion was effective only in normal recipients with a physiological (low) percentage of alloreactive T cells. Synchimeric recipients, with their high level of alloreactive T cells, became chimeric only if given a donor-specific transfusion, presumably to reduce that number of alloreactive cells. In a normal CBA/J mouse, the number of naturally occurring T cells with this allospecificity is far fewer, and the requirement for donor specificity of the transfusion was less stringent. In their aggregate, the results suggest that the generation of hematopoietic chimerism using DST and anti-CD154 mAb involves both the deletion of host allospecific T cells and an additional, non-allospecific suppressive mechanism.
The underlying mechanism by which our protocol induces hematopoietic chimerism and central tolerance appears to involve deletion of host alloreactive cells in both the thymus and the periphery of chimeric recipients. Our data provide explicit documentation that DES + CD8 + CD4 − alloreactive T cells in the thymus of KB5 synchimeras that were chimeric for C57BL/6 hematopoietic cells are deleted. Previous studies have inferred this deletion but have depended on indirect evidence. That evidence was obtained from systems showing intrathymic deletion of host Vβ CD4 + T cells reactive to donor superantigens presented by donor MHC class II I-E antigens (18, 30) .
Of additional interest is the observation that our peripheral-tolerance protocol, in the absence of bone marrow engraftment, leads to transient deletion of peripheral but not intrathymic alloreactive CD8 + T cells. Previous studies of skin allografts on mice treated with DST and anti-CD154 mAb have shown that graft survival is greatly prolonged, but seldom permanent unless the recipient has been thymectomized (35) . The inference has been that the failure of graft maintenance is due to the release of new alloreactive thymic emigrants into the periphery (43) . The present results strongly suggest that this inference is correct; they demonstrate that the generation of hematopoietic chimerism in effect "thymectomizes" recipients in a donor-specific manner. The data imply that central tolerance is the essential complement to peripheral-tolerance induction if allografts are to be truly durable.
The long-term durable hematopoietic chimerism we observed is strongly suggestive of a state of donor-specific central tolerance. Consistent with this inference, we also observed donor-specific skin allograft survival in chimeric mice. Disappointingly, however, we noted that three of eight skin allografts were rejected by chimeric hosts. Rejection might have been anticipated in one case, because the recipient had achieved only a low level of chimerism (2% donor-origin PBMCs), but the other two mice that rejected skin grafts were circulating more than 10% donor-origin PBMCs. Published studies have reported indefinite skin allograft survival in mice exhibiting 3-6% donor chimerism (27, 29) . The reason why the grafts were rejected in the present study is unclear and suggests the need for further study. Speculatively, rejection may have resulted from inefficient intrathymic deletion of donor-reactive T cells, insufficient production or activation of regulatory CD4 + cells, expression of skin-specific antigens (62), or graft-specific properties (e.g., chemokine production) that control the inflammatory process and graft rejection (63) (64) (65) (66) .
To be of value in clinical medicine, transplantation tolerance induction procedures must be generally applicable to a broad range of recipients. It is known that protocols based on peripheral costimulation blockade work to varying degrees depending on the host strain (67) . To confirm that the ability of DST plus anti-CD154 mAb to facilitate hematopoietic cell engraftment was not unique to the BALB/c strain, we documented that our protocol can establish hematopoietic cell engraftment in the absence of host conditioning in several mouse strains, each of which was fully MHC-mismatched with its bone marrow donor. Interestingly, all three strains we tested also exhibit prolonged skin allograft survival after treatment with DST plus anti-CD154 mAb (ref. 38; and D.L. Greiner, unpublished observations).
There are, however, interesting differences among strains in their response to "tolerizing" procedures. In the case of the B10.BR strain, anti-CD154 mAb monotherapy alone can prolong skin allograft survival (D.L. Greiner, unpublished observations), suggesting that this strain is highly susceptible to tolerance induced by costimulation blockade. No other strain is known to exhibit this degree of susceptibility. In contrast, NOD mice are resistant to the induction of peripheral transplantation tolerance by costimulation blockade (68, 69) , and we have in preliminary studies determined that these mice resist hematopoietic cell engraftment after treatment with DST and anti-CD154 mAb (E. Seung, unpublished observations). The B10.BR and NOD data suggest that susceptibility to transplantation tolerance may in part be genetically determined. This suggestion is supported by our recent report that NOD mice have a generalized defect in transplantation tolerance induction that is genetically separable from their autoimmune phenotype (70) . Susceptibility to peripheral transplantation tolerance appears to be a good predictor of susceptibility to the generation of hematopoietic chimerism and the induction of central tolerance.
An important pragmatic issue relevant to the potential adaptation of our procedures to clinical medicine is our use of an allogeneic bone marrow inoculum that is not T cell depleted. It is reasonable to ask whether the donor bone marrow in this system requires mature lymphocytes for efficacy, and, if so, whether the protocol could be adapted for humans. The answer to the first question is not known, as we have not tested T cell-depleted bone marrow cells. We elected not to deplete the bone marrow of T cells because reports from several laboratories suggest that "facilitator" T cells may contribute to the establishment of allogeneic hematopoietic chimerism (71) (72) (73) . In addition, we would point out that the primary reason for T cell depletion of donor bone marrow in human transplantation is to reduce the risk of GVHD. We and others have shown, however, that anti-CD154 mAb completely prevents GVHD in animal models (18, 22, 74) . Still, whether bone marrow that is not depleted of mature T cells can be used in humans treated with costimulation blockade remains to be determined.
Another pragmatic issue is our employment of a relatively large allogeneic bone marrow dose (50 × 10 6 ) in relation to body mass. A large inoculum might arguably increase the risk of GVHD even in the presence of anti-CD154 mAb. The minimum bone marrow inoculum that will achieve hematopoietic chimerism in nonablated mice treated with the protocol described in this study without myeloablation is not known. We did observe, however, that preparative conditioning with 1 Gy of radiation and 50% fewer bone marrow cells (25 × 10 6 ) did generate robust chimerism, with recipients uniformly circulating about 20% donor-origin PBMCs. The data suggest that translation of our protocol to humans will require finding an optimal balance between the size of the stem cell inoculum and the intensity of preparative conditioning (if any).
In comparison with published data, the dose of bone marrow cells used in the present study appears relatively modest. One protocol used a single injection of 200 × 10 6 bone marrow cells (four times larger than our dose) (29) . The other protocol used eight injections of 2 × 10 7 bone marrow cells plus anti-CD154 mAb (27) ; the total number of bone marrow cells (160 × 10 6 ) was approximately three times larger than that used in the present study. Parenthetically, the total dose of anti-CD154 mAb (4 mg) in that protocol is four times larger than that used in this study and was given over 3 months rather than 2 weeks. The modest dose of anti-CD154 mAb used in our protocol highlights another potentially important pragmatic issue. In human studies, anti-human CD154 mAb administered chronically over long periods of time has been associated with the development of both arterial and venous thrombosis (75, 76) ; this is possibly related to the fact that CD154 is expressed on activated platelets and may stabilize thrombi (77, 78) . Our protocol requires only a brief 2-week course of treatment with this reagent to achieve a maximum beneficial effect with respect to the generation of chimerism and may avoid this potential therapeutic complication.
Another pragmatic issue relevant to the utility of "multistage" transplantation tolerance induction procedures in clinical medicine is the stringency with which the components of the therapy need to be timed. Interestingly, we observed that our procedures were successful if initiated 1-2 weeks before bone marrow transplantation, but not 5 or fewer days before transplantation. This observation has both clinical and mechanistic implications, as we have previously shown that alloreactive CD8 + T cells disappear from the circulation within 3 days of costimulation blockade (38, 43) . This would intuitively suggest that within 3 days of tolerance induction, hosts should be susceptible to hematopoietic stem cell engraftment, but we found that 7 days was the minimum interval between tolerance induction and transplantation in order to achieve chimerism. This result suggested that something more than the deletion of CD8 + alloreactive T cells is required for central-tolerance induction, and we obtained evidence that supports this inference.
Replacement of DST with depleting anti-CD8 mAb in combination with anti-CD154 mAb prolongs skin allograft survival (38) . When applied to bone marrow transplantation, however, this strategy significantly degraded the clinical outcome. Given that CD8 + T cell depletion appeared not to be the entire story, we investigated the potential role of NK cells, which have a major role in the rejection of allogeneic bone marrow cells in lethally irradiated mice (55) (56) (57) (58) . Our data document that they are important regulators of bone marrow cell engraftment in nonmyeloablated mice treated with costimulation blockade. We combined anti-CD154 mAb with anti-CD122 mAb, which is directed against the IL-2 receptor β chain and is expressed on almost all NK cells and on a subpopulation of CD8 + T cells and activated macrophages (59, 79, 80) . Mice treated with this combination therapy could readily be engrafted with allogeneic bone marrow. Because CD154 is also expressed on NK cells, we hypothesize that engraftment of allogeneic bone marrow cells in nonmyeloablated hosts requires not only the deletion of alloreactive CD8 + T cells, but also inactivation of host NK cells. Alternatively, failure of anti-CD154 mAb plus anti-CD8 mAb therapy to induce high levels of chimerism may result from the ability of anti-CD8 mAb to delete not only the endogenous population of CD8 + cells, but also the exogenous population present in the donor bone marrow. Several laboratories have reported the existence of "facilitator" cells, a rare donor-origin CD8 + bone marrow subpopulation that can enhance allogeneic hematopoietic stem cell engraftment (71) (72) (73) . Anti-CD8 mAb in the host may be deleting donor facilitator cells required for stem cell engraftment in a nonmyeloablated host.
These data on the role of CD8 + cells in transplantation tolerance clearly indicate that the mechanisms responsible for peripheral-tolerance induction and the generation of hematopoietic chimerism are overlapping but different. Another distinction between the two relates to the CD4 + cell populations. Treatment with anti-CD4 mAb prevents the induction of peripheral transplantation tolerance by DST plus anti-CD154 mAb (35, 43) . In contrast, the addition of anti-CD4 mAb to our chimerism protocol did not prevent hematopoietic engraftment, although it did reduce the level of chimerism.
Our surprising discovery that the priming transfusion given after the first injection of anti-CD154 mAb need not be MHC-matched with the eventual bone marrow donor (i.e., it need not be "donor specific") has important clinical and theoretical implications. The clinical implication is obvious. The ability to obtain and deliver to a recipient a DST, bone marrow graft, and an organ for transplantation is greatly simplified per our observation that the DST and bone marrow need not be from the same donor.Mechanistically, the kinetics of susceptibility to engraftment may relate to the ability of a non-allo-matched DST to induce a "nonspecific" regulatory mechanism(s) that facilitates the process. There is an extensive literature on the effects of donor-lymphocyte transfusion as a means of enhancing allograft survival. Proposed mechanisms include establishment of mixed allogeneic chimerism (81, 82) , deletion of donor-reactive T cells (38, 43, (83) (84) (85) , induction of clonal anergy (86) , cytokine production (87) , and the generation of regulatory T cells (35, 43, 88, 89) .
An additional possibility is the induction of tolerogenic dendritic cells (90) (91) (92) (93) and/or the production of regulatory cytokines by an immune system activated in the presence of anti-CD154 mAb. Dendritic cells that ingest apoptotic cells (94) (as the DST is eliminated) or become activated in the presence of CD40-CD154 blockade appear to become tolerogenic cells that suppress immune responses and secrete regulatory cytokines such as TGF-β and IL-10 (95, 96). Alternatively, the requirement for the 7-day delay after DST for bone marrow engraftment to occur may be due to delayed deletion of host alloreactive T cells. It is known that fully activated CD8 + T cells migrate to nonlymphoid tissues, where they become memory cells (97, 98) . Incomplete activation in the presence of CD40-CD154 blockade may induce migration and initiate apoptosis of antigen-activated T cells that could be reversed if a second allo-stimulus in the form of allogeneic bone marrow is given too soon after DST.
In conclusion, we have demonstrated that procedures originally designed for the induction of peripheral transplantation tolerance can be adapted to permit allogeneic bone marrow cell engraftment and the generation of hematopoietic chimerism. The results further suggest that there is commonality to the generation of peripheral and central tolerance and that the maintenance of transplantation tolerance will require either physical thymectomy or its biological equivalent -central-tolerance induction. The procedures do not require host myeloablative conditioning, appear not to lead to GVHD, and may not necessarily require MHCmatching of transfusion, bone marrow, and donor organs -characteristics that make these procedures highly attractive for translation to clinical medicine.
